Measurement of exclusive p(+)p(-) production in mid-virtuality two-photon interactions and study of the yy* -> pp process at LEP,Measurement of exclusive rho(+)rho(-) production in mid-virtuality two-photon interactions and study of the gamma gamma* -> rho rho process at LEP by Achard, P. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The version of the following full text has not yet been defined or was untraceable and may
differ from the publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/32706
 
 
 
Please be advised that this information was generated on 2018-07-07 and may be subject to
change.
arX
iv:
hep
-ex
/05
040
16v
1 
8 A
pr 
200
5
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
C E R N -P H -E P /2 0 0 5 -0 1 2  
M arch 13, 2005
Measurement of Exclusive p+p- Production 
in M id-Virtuality Two-Photon Interactions 
and Study of the 77* pp Process at L E P
The L3 Collaboration
A bstract
Exclusive p +p -  production in tw o-photon collisions betw een a quasi-real photon, 
Y , and a m id-virtuality  photon, 7 *, is studied w ith d ata  collected at L E P  at centre- 
of-m ass energies 183 GeV <  \ f s  <  209 GeV with a to ta l integrated lum inosity of 
684.8  p b - 1 . T h e cross section of the 7 7 * ^  p +p -  process is determ ined as a function 
of the photon virtuality, Q 2, and the tw o-photon centre-of-m ass energy, W77, in the 
kinem atic region: 0 .2  G eV 2 <  Q 2 <  0 .85 G eV 2 and 1.1 GeV <  W YY <  3 GeV. These 
results, together w ith previous L3 m easurem ents o f p0p0 and p+p-  production, allow 
a study of the 7 7 * ^  pp process over the Q 2-region 0 .2  G eV 2 <  Q 2 <  30 G eV2.
Subm itted  to  Phys. Lett. B
1 Introduction
T h e L3 C ollaboration  has recently m easured the exclusive production of p0p0 [1,2] and p+p [3] 
pairs in the tw o-photon fusion process:
e + e -  ^  e + e - 7 7 * ^  e + e - pp , ( 1 )
where the beam  electrons1) rad iate virtual photons which in teract and produce a hadronic final 
state . One of the photons, 7 , is quasi-real, characterised by a sm all value of its squared four 
m om entum , P 2 =  m^ ~  0, whereas the other one, 7 *, has a significant virtuality, Q 2 =  — P 7 *2 =  
—m 7 *2 ^  —m ^. Our m easurem ents cover the tw o-photon centre-of-m ass energy
1.1 GeV <  W 77  <  3 GeV. (2 )
T h e two m easurem ents [1,3] done at large virtualities, 1 .2  G eV 2 <  Q 2 <  30 G eV 2, provide 
a testing  ground for a recently-developed Q C D -based m odel [4]. T h is model describes well the 
Q 2-dependence of the p0p0 production at large m om entum  transfer [5]. T h e m easured cross 
sections for p0p0 and p +p -  production were found to  have a sim ilar dependence on W77  and 
to  be of sim ilar m agnitude. However, the p +p -  cross section is system atically  higher than  
the p0p0 one. T h is is in contrast w ith the suppression and different W77  dependence of p+p -  
production [6 ] with respect to  p0p0 [7] observed in d ata w ith Q 2 «  0 and W 77  <  2 GeV. We 
note th a t despite the wide range of theoretical m odels [8,9], p-pair production at Q 2 ~  0 is still 
not well understood. Therefore the experim ental study of the Q 2-evolution of p-pair production 
is im portant to  understand vector meson pair-production in tw o-photon interactions.
Previously, we perform ed a m easurem ent of p0p0 production [2] for interm ediate virtualities:
0 .2  G eV 2 <  Q 2 <  0 .85 G eV2. (3)
In  th is L etter, we com plem ent th a t study w ith the first m easurem ent of the process:
e + e -  ^  e + e - 7 7 * ^  e + e - p +p -  (4)
in the kinem atic region (2 ) and (3). These d ata allow to  follow the Q 2-evolution of the pp- 
production over two orders o f m agnitude in th is variable.
T h e analysis techniques employed in this study are sim ilar to  those of our previous m ea­
surem ents [2,3]. T h e d ata used, corresponding to  an integrated lum inosity of 684.8  p b - 1 , are 
the same as in R eference 2 and were collected by the L3 detector [10] at L E P  at centre-of-m ass 
energies 183 GeV <  -Js  <  209 GeV. Scattered  beam  electrons which have radiated photons 
w ith virtualities in the range (3) can be “tagged” by the Very Sm all Angle Tagger (V SA T ) [11]. 
T h e V S A T  is an electrom agnetic calorim eter, constructed with B G O  crystals, with a geom et­
rical acceptance covering the polar angle range 5 m rad <  9 <  10 m rad, for azim uthal angles in 
the ranges —1.25 rad <  0  <  1.25 rad and n —1.25 rad <  0  <  n + 1 .2 5  rad. W hen the electron with 
the largest scattering  angle is detected in the V SA T , the v irtuality  of the photon it radiated is, 
w ithin 1 % precision, equal to  the transverse m om entum  squared, p f, o f the final sta te  hadron 
system:
Q 2 =  2 E 6E s(1  — cos 9s) ^  E bE s9 2s ^  , (5)
where E b is the beam  energy, and E s and 9s are the energy and the scattering  angle of the 
tagged electron. Therefore the V S A T  is not used to  directly m easure Q 2, but rath er to  select 
exclusive final states by correlating the direction of the transverse m om entum  vector of the 
tagged electron with the detected hadron system .
Throughout this Letter, the term  “electron” denotes both electron and positron.
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2 Event Selection
T h e reaction  e+e  ^  e+e  p+p contributing to  the process
+  -  +  -  +  -  0 0  fr \e+e  ^  e+etagn + n  n n (6 )
is identified by one and only one scattered  electron, etag, detected in the V SA T , two charged 
pions m easured in the tracking cham ber, and energy clusters from  the tw o-photon decays of 
the n 0 ’s, deposited in the B G O  electrom agnetic calorim eter. These events are collected by two 
independent track-triggers [12]. T h e trigger efficiency, as determ ined from  the d ata  itself, is 
(60 ±  3)% .
Single-tagged events are selected by requiring ju s t one electrom agnetic cluster w ith energy 
greater then  50%  of the beam  energy reconstructed in the V SA T . T h e event candidates must 
have exactly  two tracks with zero to ta l charge. T h e tracks must come from  the in teraction  
vertex, have transverse m om entum  greater th an  100 MeV and an energy loss in the tracking 
cham ber com patible with the pion hypothesis. T h e selected events should contain a n 0n 0 pair, 
therefore we consider event candidates th a t have four or five photons, identified as isolated 
clusters in th e electrom agnetic calorim eter. Photons having energies greater th an  60 MeV are 
paired to  reconstruct neutral pions, which are required to  be in th e mass window 100 MeV <  
M (y y ) <  170 M eV, as shown in Figure 1a. T h e m ass of a n 0 candidate is constrained to  the 
nom inal value by a 1-C kinem atic fit. If  more th an  one n 0n 0 com bination exists, the one with 
the sm allest x 2 sum of the fits is taken. To m ake the selection robust against instrum ental noise 
and backgrounds and to  reduce the sensitivity to  the M onte Carlo sim ulation of fake photons, 
we reta in  events with one additional photon, not used in the n 0n 0 pair, if the photon energy is 
less th an  300 MeV and does not exceed 10% of the energy of the n 0n 0 pair.
T h e transverse m om entum  squared, p f , of the four-pion system  is used to  m easure the Q 2 
of the event and is required to  be in the range 0.2 G eV 2 — 0.85 G eV 2. For selection of an 
exclusive final sta te , the acoplanarity  angle, 0 aco, calculated from  the difference betw een the 
azim uthal angle of the tagged electron, 0 tag, shown in Figure 1b, and the azim uthal angle of 
the four-pion system , is required to  be less th an  0 .4  rad, as shown in Figure 1c. T h e data 
contain  a contribution from  n production, as visible in the the n + n - n 0 m ass spectrum , shown 
in Figure 1d. Th is background is removed by requiring M (n + n - n 0) >  0.65 GeV.
A fter all cuts, 414 events are retained. T h eir four-pion mass spectrum  is shown in Figure 2a. 
T h e region 1.1 GeV <  W77 <  3 GeV is populated by 387 events, which are used for the 
cross section determ ination. A strong signal from  p± production is observed in the M (n ± n 0) 
spectrum , shown in Figure 2b. T h e clustering of entries at the crossing of the p± mass bands in 
the correlation plot of the masses of the n ± n 0 com binations, shown in Figure 2c, gives evidence 
for a signal from  p +p -  interm ediate states. No structure is observed in the correlation plot 
of the masses of the n + n -  and n 0n 0 com binations, shown in Figure 2d. W e also inspected 
the two- and three-pion mass distributions, shown in Figure 3, for production of higher-m ass 
resonances. T h e only statistically-significant signal is from  the a ±  (1320) s ta te  in the n ± n 0n 0 
m ass spectrum , as seen in Figure 3f.
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3 Data Analysis
3.1 M onte Carlo M odelling
To estim ate the num ber of p+ p-  events in th e selected four-pion d ata  sample, we consider 
non-interfering contributions from  the processes:
* +  -  
y y  ^  p+p ;
YY* ^  p ± n Tff°; (7)
YY* ^  a ± (1 3 2 0 )n T ;
YY* ^  n + n - n 0n 0, n o n —resonant.
A bout 40 m illion M onte Carlo events of the processes (7) are generated with the E G P C  [13] 
program , which uses the lum inosity function from  Reference 14. P article  production and decay 
is uniform  in phase-space. The generated events are passed through the full L3 detector simu­
lation  using the G E A N T  [15] and G H EISH A  [16] program s and processed in the same way as 
the data, reproducing the detector behaviour as m onitored in th e different d ata-takin g  periods.
For acceptance calculations, M onte Carlo events are assigned a Q 2-dependent weight, eval­
uated using the G V D M  form -factor [17] for b o th  in teracting  photons. T h e detection efficiencies 
of the process (4) are listed in Tables 1 and 2 for bins in Q 2 and W77. T h e efficiencies for the 
four-pion final states of all the processes (7) are of sim ilar m agnitude.
3.2 Background E stim ation
T h e contribution to  the selected events from  e + e -  annihilation and from  the process e + e -  ^  
e + e - T+ t -  is negligible. Random  coincidences w ith off-m om entum  beam  electrons, which give 
signals in the V SA T , are a source of background. T h e flux of these particles is dom inantly on 
the outer side of the L E P  ring. Therefore, this background would cause an excess in the num ber 
of events having a tag  on the outer side of the accelerator ring, Nout, w ith respect to  the inner 
side, Nin. In  the selected d ata, the ratio  Nout/N ira =  1.04 ±  0 .10 is close to  unity, indicating 
th a t th is background is small. Th is conclusion is corroborated by the good agreem ent observed 
betw een the 0 tag d istribution  of the selected d ata  and M onte Carlo event samples, shown in 
Figure 1b.
Tw o sources of background rem ain. T h e first is p artially-reconstructed  events from  two- 
photon interactions with higher particle m ultiplicities, when tracks or photons escape detection. 
T h e second is signal events w ith one or more photons substituted  by photon candidates due to 
noise. To estim ate the accepted background we use background-like event samples extracted  
from  the experim ental data. T h e first background is modelled with selected n 0n 0 events, 
in which at least two charged particles have not been detected and by n + n - n 0n 0n 0 events in 
which one n 0 is excluded from  consideration. An event-m ixing technique is employed in order 
to  reproduce events from  the second background: one or two photons form ing a n 0 are excluded 
from  a selected event and replaced by photons from  another d ata event. T h e 0 aco distributions 
of the background-like d ata samples, passing the selection, are com bined with the distribution 
of selected n + n - n 0n 0 M onte Carlo events so as to  reproduce the 0 aco d istribution observed in 
the data, as shown in Figures 1c. T h e estim ated background levels are listed in Tables 1 and 2. 
As d ata  samples are used in the background estim ation, they contain  also a fraction  of events 
w ith fake tags and thus take into account the effect o f this background.
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3.3 F it M ethod
In order to  determ ine the differential p+ p-  production rate , a m axim um  likelihood fit o f the 
d ata  to  a sum of M onte Carlo samples of the processes (7) is perform ed in intervals of Q 2 and 
W77  using a box m ethod [1 -3 ,18]. T h e inputs to  the fit are the six two-pion masses in an event, 
nam ely the four com binations n ± n 0 and the two com binations n + n -  and n 0n 0. Th ey  provide a 
com plete description of a four-pion event in our m odel o f isotropic production and phase space 
decay.
T h e analysis procedure is optim ised for deriving the p+ p-  contribution  and only the p+ p-  
content and the sum of the rest of the contributing processes, denoted as “other 4n ” , are 
considered for cross section m easurem ents. To check the quality of the fit, the two- and three- 
pion mass distributions of the d ata  are com pared in Figure 3 w ith those of a m ixture of M onte 
Carlo event samples from  the processes (7), in proportions determ ined by the fit. T h e observed 
experim ental distributions are reasonably well described by the M onte Carlo model.
4 Results
T h e cross sections of the process e + e -  ^  e + e - p+p-  in bins of Q 2 and W77, A<ree, are listed 
in Tables 1 and 2. T h e sta tistica l uncertainties, also listed in Tables 1 and 2, are those of the 
fit. T h e differential cross section, daee/d Q 2, derived from  A a ee, is listed in Table 1. W hen 
evaluating the differential cross section, a correction based on the Q 2-dependence of the p+ p-  
M onte Carlo sample is applied, so as to  assign the cross section value to  the centre of the 
corresponding Q 2-bin  [19].
To evaluate the cross section, a 77, of the process yy* ^  p +p - , the integral o f the transverse 
photon lum inosity function, , is com puted for each Q 2 and W 77  bin using the program  
G A L U G A  [20], which perform s O ( a 4) Q ED  calculations. T h e same procedure was used in 
our previous studies [1-3]. T h e cross section a 77  is derived from  the m easured cross section 
using the relation a 77  =  A a ee/ L TT. Thus, a 77  represents an effective cross section containing 
contributions from  b o th  transverse and longitudinal photon polarisations. T h e cross section of 
the process yy* ^  p+p-  is listed in Table 1 as a function of Q 2 and in Table 2 as a function of 
W77. The sum of the cross sections of the other contributing processes is also given in Tables 1 
and 2 .
Several sources of system atic uncertainty are considered. T h e contribution of the selection 
procedure is in the range 1 2 % — 18%; M onte Carlo sta tistics  in the range 1.3%  — 2 .1 %; the 
fit procedure in the range 11% — 20% . H alf of the changes of the acceptance when no form  
factor re-weighting of the M onte Carlo events is perform ed is considered as model uncertainty. 
It is in the range 0.5%  — 5% . T h e background correction procedure introduces system atic 
uncertainties in the range 2 % — 6 %. All contributions are added in quadrature to  obtain  the 
system atic uncertainties, quoted in Tables 1 and 2. Finally, a norm alization uncertainty of 5%  
accounts for the uncertainty of the trigger efficiency determ ination.
5 Study of 77* pp Process
Com bining the present results with the L3 d ata  on pp production from  References 1 -3 , we 
com pare the p+p-  to  the p0p0 channels and their evolution as a function of Q 2. The cross 
section of the process YY * ^  pp is p lotted  in Figure 4 as a function of W77. For W77  <
2 .1  GeV and 0 .2  G eV 2 <  Q 2 <  0.85 G eV 2 there is a clear enhancem ent of p0p0 production
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relative to  p +p - . Th is is sim ilar to  what was observed at Q 2 ~  0 [6 ,7 ], but in contrast 
w ith the high Q 2-region, where b o th  cross sections have sim ilar dependence on W77  and the 
p+p -  is system atically  higher th an  the p0p0. These differences are clearly seen in the ratio  
R  =  2  A a ee(p+p - ) / 2  A a ee(p0p0) where the sum is for the region 1 .1  GeV <  W 77  <  2 .1  GeV. 
In the dom ain 0.20 G eV 2 <  Q 2 <  0 .85 G eV2, we m easure R  =  0 .62 ±  0 .10 (s ta t.) ±  0 .09 (syst.), 
a value th a t can only be explained by the presence of an isospin I =  2 interm ediate s ta te  or 
by a m ixture of different states [8,9]. T h e value of th is ratio  for 1 .2  G eV 2 <  Q 2 <  8.5 G eV 2 
is R  =  1.81 ±  0 .47  (s ta t.) ±  0 .22 (syst.) [3], close to  the factor 2, expected for an isospin I =  0 
state . Such variation suggests different p-pair production m echanism s at low and high Q 2.
T h e differential cross section daee/d Q 2 o f the reaction  e + e -  ^  e + e - pp is shown in Figure 5a. 
T h e L3 m easurem ents span a Q 2-region of two orders of m agnitude, over which the differential 
cross sections show a m onotonic fall o f more th an  four orders of m agnitude. T h e pp d ata  are 
fitted  to  a form  [2 1 ] expected from  Q C D -based calculations [2 2 ]:
d ^ee 1
--- ~ ------------------- , (8)
dQ 2 Q n (Q 2+  < W ,n  > 2) 2 ’ 1 ;
where n is a constant and <  W 77  >  is the average W77  value, 1.9 GeV for th is m easurem ent. 
A lthough th is form ula is expected to  be valid only for Q 2 ^  W77, we find it provides a 
good param etrisation  of the Q 2-evolution of the pp data. A fit to  the p+ p-  d ata  finds an 
exponent n =  2.3 ±  0 .2  with x 2 /d .o .f .  =  1 .4 /7 . A value n = 2 . 9  ±  0.1 was found for p0p0 with 
X 2 /d .o .f . =  6 .9 /1 0  [2]. Only the sta tistica l uncertainties are considered in the fits. T h e results 
of the fits are shown in Figure 5a. T h e fits indicate a cross-over of the differential cross sections 
of p +p -  and p0p0 production in the vicinity o f Q 2 ~  1 G eV2.
The m easured cross section of the process YY * ^  pp as a function of Q 2 is shown in 
Figure 5b. T h e change of the relative m agnitude of p +p -  and p0p0 production is clearly visible 
when com paring the low- and the h igh-Q 2 regions. A param etrisation, based on the G V D M  
m odel [17]:
a
1 +  Q 2 /4 m 2 0  2 211(W 11, Q 2) =  a 11(W 11) F ( Q 2), and F ( Q 2) =  ^  +  _ _ _ _ _  (9 )
w ith r p =  0 .65, r w =  0.08, =  0 .05 and m 0 =  1.4 GeV reproduces well the Q 2-dependence 
of the p0p0 data, as shown in Reference 2 and indicated by the line in Figure 5b. T h e fit 
finds a cross section of 13.6 ±  0 .7  nb for the W 77 region 1.1 GeV <  W77 <  3 GeV at Q 2 =  0. 
T h e Q 2-evolution of p+p -  d ata  cannot be satisfactorily  described by th is form. In addition, as 
shown in Figure 5b, the p0p0 d ata  cannot be described by the much steeper Q 2-fall o f a p-pole 
param etrisation  [2]; the same is true for the p+p-  cross section since it is decreasing w ith Q 2 
less steeply th an  the p0p0 one.
6 Conclusions
W e have perform ed the first m easurem ent of exclusive p +p -  production in m id-virtuality  two- 
photon collisions. These results com plem ent previous L3 m easurem ents o f exclusive p+p -  and 
p0p0 production and allow to  follow the evolution of pp cross sections over a Q 2-region of two 
orders o f m agnitude.
A Q C D -based form , derived for the description of the differential cross-section daee/d Q 2 
of the process e + e -  ^  e + e - pp at high Q 2, is found to  provide a good param etrisation  of the
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Q 2-evolution of the pp d ata  in the entire interval 0 .2  G eV 2 <  Q 2 <  30 G eV 2, over which the 
differential cross sections show a m onotonic decrease of more th an  four orders of m agnitude, 
for 1 .1  GeV <  W77 <  3 GeV.
The Q 2-dependence of the cross section of the process 7 7 * ^  p0p0 is well reproduced by a 
param etrisation  based on the G V D M  m odel over the entire Q 2-region. On the other hand, the 
p+p -  d ata  cannot be satisfactorily  described by such a param etrisation. A p-pole description 
of the Q 2-dependence for b o th  p0p0 and p+p-  d ata  is excluded.
The relative m agnitude of p +p-  and p0p0 production changes in the vicinity of Q 2 ~  1 G eV2, 
suggesting different p-pair production m echanism s at low and high Q 2.
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II
Q2 range 
[GeV2]
e
[ % ]
Bg
[ % ]
Adee [pb] 
p+p-
d <ree/d Q2 [pb/GeV2] 
p+p~
<t77 [nb] 
p+p~
<t77 [nb] 
other 4?r
0 .2 0  -  0.28 0 .8 14 7.4 ±  2.4 ±  1.9 92 ± 2 9  ± 2 3 5 .7  ±  1.8 ±  1.4 10.9 ±  2.2 ±  1.5
0.28 -  0.40 1 .2 14 5.7  ±  1.8 ±  1.3 47  ± 1 5  ± 1 0 4.3 ±  1.4 ±  1.0 12.2 ±  1.8 ±  1.4
0.40 -  0.55 1 .1 15 5.6 ±  1.6 ±  1.1 37 ± 1 1  ±  7.3 4.9 ±  1.4 ±  1.0 13.3 ±  2.0 ±  1.8
0.55 -  0.85 0 .7 18 7.7  ±  2.5 ±  2.0 25 ±  8.2 ±  6.5 5.3 ±  1.7 ±  1.4 12.1 ±  2.2 ±  1.9
Table 1: D etection  efficiencies, e, background fractions, B g , and cross sections of the reactions e + e -  ^  e + e - p + p - , 7 7 * ^  p+p-  and 
of the sum of the rest of the contributing processes, ’’other 4 n ” , as a function of Q 2 for 1.1 GeV <  W77  <  3 GeV. T h e values of the 
differential cross sections are corrected to  the centre of each bin. T h e first uncertainties are s ta tistica l, the second system atic. An 
overall norm alization uncertainty of 5%  for the trigger is not included.
-range
[GeV]
e
[ % ]
Bg
[ % ]
ACree [pb] 
p+p~
<t77 [nb] 
p+p~
<t77 [nb] 
other 4?r
1.10 -  1.40 0 .6 25 4.9 ±  1.8 ±  1.3 3.9 ±  1.5 ±  1.1 9.0 ±  2.4 ±  1.7
1.40 -  1.65 0.9 18 6.7  ±  1.6 ±  1.3 7.6 ±  1.9 ±  1.5 14.8 ±  2 .7  ±  2.5
1.65 -  1.85 1 .1 15 5.1 ±  1.5 ± 0 . 9 8.4  ±  2.4 ±  1.6 15.8 ±  3.1 ±  2.3
1.85 -  2.10 1 .1 13 3.9 ±  1.4 ± 0 . 8 5.9 ±  2.0 ±  1.2 18.3 ±  3.0 ±  2.7
2.10 -  2.40 1 .2 1 0 2.2 ±  1.0 ± 0 . 5 3.2 ±  1.4 ± 0 . 8 11.5 ±  2.1 ±  1.8
2.40 -  3.00 1 .2 1 0 2.2 ±  1.0 ± 0 . 5 1.9 ± 0 . 9  ± 0 . 5 8.5 ±  1.5 ±  1.5
Table 2: D etection  efficiencies, e, background fractions, B g , and cross sections of the reactions 
e + e -  ^  e + e - p +p - , 7 7 * ^  P +P -  and of the sum of the rest of the contributing processes, 
other 4n, as a function of W 77  for 0.2 G eV 2 <  Q 2 <  0 .85 GeV2. T h e first uncertainties are 
s ta tistica l, the second system atic. An overall norm alization uncertainty of 5%  for the trigger is 
not included.
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Figure 1: D istributions for n + n - n 0n 0 candidates. a) Tw o-photon invariant mass for the selected 
n 0’s (two entries per event); b) azim uthal angle, 0 tag, of the tagged electron for tags in the inner 
side of th e L E P  ring (in) and, folded over it, for tags in the outer side of the L E P  ring (out); c) 
acoplanarity  angle, 0 aco, betw een the tagged electron and the n + n - n 0n 0 system  and d) mass 
of the n + n - n 0 system  (two entries per event). T h e d ata are com pared to  the four-pion M onte 
Carlo. T h e estim ated background is indicated by the hatched histogram s. T h e arrows indicate 
the selection cuts.
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Figure 2: M ass distributions for the selected events: a) the four-pion system , W YY; b) the n ± n 0 
com binations (four entries per event); c) correlation between the n - n 0 and n + n 0 pairs (two 
entries per event) and d) correlation betw een the n + n -  and n 0n 0 pairs. T h e two-dim ensional 
distributions have a bin width of 55 x  55 M eV2, the size of the boxes is proportional to  the 
num ber of entries and b o th  plots have the same vertical scale.
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Figure 3: a ),c ),e ),g ) M ass distributions of the n ± n 0 com binations (four entries per event) in 
four Q 2-intervals and distributions for the entire kinem atic region 1.1 GeV <  W YY <  3 GeV and 
0 .2  G eV 2 <  Q 2 <  0 .85 G eV 2 o f b) T h e sum of the n + n -  and n 0n 0 m ass spectra (two entries 
per event). d) T h e neutral three-pion com binations (two entries per event). f) T h e charged 
three-pion com binations (two entries per event). h) T h e sum of the n + n - n 0 and n ± n 0n 0 mass 
spectra (four entries per event). T h e points represent the data, the hatched areas show the 
p+p-  com ponent and the open areas show the sum of the other contributing processes. The 
fraction  of the different com ponents are determ ined by the fit and the to ta l norm alisation is to 
the num ber of the events.
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Figure 4: Cross section of the process 7 7 * ^  pp as a function of W 77  in three Q 2 regions. The 
results from  this m easurem ent, full points in a), are com pared to  previous L3 m easurem ents 
of the pp production [1-3]. T h e bars show the sta tistica l uncertainties. Som e points from  the 
previous m easurem ents are displaced horizontally for b e tter  readability.
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Figure 5: T h e pp production cross section as a function of Q 2, for 1.1 GeV <  WYY <  3 GeV: 
a) differential cross section of the process e + e -  ^  e + e - pp and b) cross section of the process 
7 7 *  ^  pp. T h e results from  this m easurem ent, full points in the region Q 2 <  1 G eV 2, are 
presented together with previous L3 m easurem ents o f the pp production [1-3]. T h e bars indi­
cate  the sta tistica l uncertainties. Som e points from  the previous m easurem ents are displaced 
horizontally for b e tte r  readability. T h e lines in a) represent the results of fits using the Q C D - 
inspired form  of equation (9). T h e lines in b) represent the results o f a fit to  the p0p0 data 
based on the G V D M  model [17] and of a fit based on a p-pole param etrisation.
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